The particle flow code, based on discrete element method, was adopted to simulate the behavior of urban pavement collapse induced by subterranean cavity. Comparison between the numerical biaxial test results and the available data obtained from physical model tests was undertaken to calibrate the micro parameters of materials. The accuracy and preciseness of the proposed model was verified by comparing the simulation results with the test results. A series of numerical calculations of pavement collapse with cavities in different sizes and various loading positions were performed for investigating the evolutional regularity of shallow and deep buried cavities. The simulation results demonstrated that the critical collapse thickness of overlying soil under the influence of loading positions increases as the cavity size increases. The failure of shallow buried cavity starts with the emergence of arch springing, while the damage of deep buried cavity begins with the appearance of circular-shaped crack produced by stress redistribution. With the development of vertical cracks, failure patterns of shallow and deep buried cavities are similar. Under the combination of tension and shearing force, a subsidence occurs as cracks expand to the surface.
INTRODUCTION
The utilization of underground space in China results in some problems such as urban pavement collapse. At least 1500 collapse accidents have occurred in more than ninety cities in the country from 2000 to 2014. Surface subsidence has not only induced severe financial losses but also endangered the citizens (Lee et al., 2016) . Frequent occurrences of the urban pavement collapse are attracting extensive concerns from different social communities. However, it is difficult to prevent the surface subsidence and to propose effective control measures due to complicated precipitating factors. Therefore, a scientific breakthrough comes to be necessary for studying the urban pavement collapse. Researches showed that the presence of underground caves is required for surface subsidence (Salvati and Sasowsky, 2002) , and the occurrence of collapse results from instable processes of underground cavities. Subterranean caves can be divided into two kinds, natural and man-made cavities (Parise and Lollino, 2011) .
For natural caves, the failure behavior is mainly affected by underground water, chemical corrosion and vacuum suction (Palmer, 1991; Li and Zhou, 1999; Tharp, 1999; Gabrovsek and Stepisnik, 2011; Guo et al., 2016) , and the failure process mostly lasts for a very long time in karst areas. For anthropogenic cavities, instead, the failure process just lasts for relatively fewer years, even a few months, during the underground excavation in cities. Factors which trigger the failure of underground cavities are complex, such as sewer pipe leakage, rainfall, surface water, vibration, additional loads, poor discrimination of geological environment and etc. (Waltham, 1993; Osborne, 2002; Canakci, 2007; Wang et al., 2012) .
Complicated triggering factors induce various failure mechanism in man-made caves which are mostly produced by underground excavations. In the past years, much works have been carried out to investigate the collapse mechanism. The limit analysis theory was introduced to estimate upper bound stability solutions, which has been applied to analyze failure behaviors of subterranean cavities (Davis et al., 1980) . In the framework of the upper bound theorem, numerical solutions for both the shape of collapsing block subjected to pore pressure and collapse shape of shallow circular tunnel were obtained based on the Hoek-Brown failure criterion (Huang and Yang, 2011; Yang and Huang, 2011) . To obtain a comprehensive limit analytical solution of the collapse mechanism with arbitrary excavation sections, the plasticity theory was used with the help of the variational methods (Fraldi and Guarracino, 2010) . Apart from the limit analytical approach, model tests, numerical simulation methods and mathematical physics methods were also adopted to investigate collapse mechanisms in underground caves (Fakhimi et al., 2002; Vyazmensky et al., 2010; Parise and Lollino, 2011; Cao et al., 2016) .
While innovative researches were conducted continuously on the collapse mechanism, the reliable prediction of impending subsidence of underground cavities is still a difficult task in civil engineering. Commonly, more than one method is required to predict the collapse due to the complex failure mechanism. Both a continuum model and a discontinuous approach were used to analyze stabilities of bell-shaped caves at Bet Guvrin, Israel. Tensile fractures of intact rocks may lead to caverns failure in the case of large span openings (Hatzor et al., 2002) . A comparison between numerical and analytical methods was discussed to predict collapses in tunnels and natural cavities on the basis of the Hoek-Brown failure criterion (Fraldi and Guarracino, 2009; Fraldi and Guarracino, 2011) . Three independent approaches namely empirical, analytical and numerical methods, were used to evaluate the roof collapse of underground cavities using the Hoek-Brown failure criterion. The stability charts of underground cavities were proposed to enable designers to predict the safe widths of caves rapidly (Suchowerska et al., 2012) . Geomechanical model tests are necessary to be conducted in addition to numerical analysis owing to the large-scale underground cavern group. Due to the neglect of micro cracks and damage during excavation by traditional continuum analysis, the displacement obtained by numerical analysis is smaller than measured results in the model tests (Zhang et al., 2015) .
The failure of the underground cavity is a result of damage in both the stratum part and major discontinuities (Sherizadeh and Kulatilake, 2016) . In this paper, in order to reflect discontinuous geometric features, the two dimensional particle flow code (PFC2D) was used to investigate the evolutional patterns of pavement collapse induced by subterranean cavities. Micro parameters of materials in model tests were calibrated by performing simulated biaxial tests in PFC2D. Then the accuracy and efficiency of collapse numerical models were validated according to the comparison between numerical results and experimental results. After that, the discrete element models of pavement collapse were proposed, and the critical collapse thickness of overlying soil under nine different conditions were calculated. Finally, evolutional regularities of the shallow and deep cavities were analyzed.
COLLAPSE NUMERICAL MODEL
Reduced-scale model tests were conducted to investigate the deformation and failure mechanism of surrounding rock in viscous stratum by Li (Li et al., 2013) . The similarity ratio of the geometry size was chosen as C L = 30 based on the similarity theory. Barite, quartz sand and petroleum jelly were the ingredients to constitute similar materials, which were used in model tests to simulate the mechanical behavior of one typical clay in Beijing. Macro mechanical properties of similar and prototype materials are summarized in the Table 1 . Mechanical parameters of prototype materials will be used in section 3. In this section, physical and mechanical parameters of similar materials were used to calibrate micro parameters. The accuracy of the collapse numerical model was validated by the comparison with the results of model tests. The particle flow code is computationally attractive. It only requires the selection of micro-parameters instead of the complicated constitutive model to describe the mechanical behavior of materials (Cundall, 1971) . Three basic models of PFC2D were used and combined to simulate the mechanical behavior of cohesive soils accurately. The three independent models and corresponding micro parameters are shown in the Table 2 . 
Calibration of micro parameters for similar materials
The PFC2D allows particles to be bonded together at the contact locations. Two basic bonding models are available, namely the contact-bond model and the parallel-bond model (Itasca, 2008) . The dimension of bond strength is same as the force in the contact-bond model. However, for the parallel-bond model, the dimension of bond strength is same as stress. The strength of the parallel bond is equal to the material strength in a parallel-bond model (Chen et al., 2015) . Therefore, the strength of similar materials was chosen as 1.12 kPa according to the Table 1. The internal friction angle of cohesive soils only relates to the coefficient of friction  A certain linear relationship between  and was obtained as = 0.7293 arctan+ 7.6959 (Chen et al., 2010) . On the basis of the above expression, the value of the friction coefficient for similar materials was calculated as 0.56.
Normal stiffness of micro parameters is related to the deformation modulus, and the Poisson's ratio affects the ratio between normal stiffness and shear stiffness in soil materials (Tian et al., 2015) . The Young's modulus and the Poisson's ratio can be measured by performing numerical biaxial tests under elastic conditions (high bond strength and friction) (Itasca, 2008) . So, the normal stiffness and the stiffness ratio can be determined by conducting a series of numerical biaxial tests following the procedure shown in the Fig. 1 . The input parameter of normal stiffness varied until the value of the Young's modulus calculated from the numerical biaxial tests matched that from the physical test approximately, and the relative deviation was less than 1%. The same procedure was carried out to determine the value of stiffness ratio. The micro parameters of similar materials are shown in the 
Validation of Particle Flow Models for Similar Materials
Plane strain problems were investigated in reduced-scale model tests with the specimen 1000 mm in width and 1620 mm in height. Some numerical simulations were carried out with the same size as model tests. The results indicated that the affected collapse region was around the upper half of the specimen, so the effect of the lower part can be neglected. The numerical specimen was 1000 mm in width and 810 mm in height, and was consisted of 23,893 particles. A random particle size distribution was used, with particle radii ranging from 2 to 4 mm. Bounds of particle radii were chosen in order to generate particles which should be as small as possible, without compromising computational efficiency, and reducing the code running time ( . The porosity ratio of the specimen was chosen as 0.16, which is an advisable value for packing. The locking force of two dimensional circular particles, which were assembled according to three basic models, is different from the actual force of clay because of the single circular particle shape. In order to reveal the mechanical behavior of cohesive soil veritably, the clump logic was used to model non-uniformly shaped bodies in the numerical models.
Generally, loading of assembly particles is fulfilled by the wall movement or the gravity. A force cannot be directly applied to the wall. An airbag loading system with flexibility and integrity was adopted in model tests. So, in order to be consistent with the loading mode used in model tests, a method of increasing particle density was used to apply specified force on the specimen. A string of connected balls with different sizes were used to compose the loading system. The cohesion was much larger than that of specimen particles to keep the integrality of loading balls.
The PFC specimen with dimensions of 1000×810 mm can be seen in the Fig. 2 , where the balls were surrounded by three walls. A cavity with the diameter of 200 mm was formed by deleting particles in a circular region. The thickness of overlying soil was set up as 300 mm in numerical model to keep consistent with the experimental specimen. The load stress was applied by increasing the density of loading particles as a result of increasing the stress from 0 to 0.12 Mpa.
Through numerical simulations, the failure process was observed visually. A comparison between numerical results and field observation is shown in the Fig. 3 . The numerical simulation matches the experiments, indicating that the particle flow model is feasible and reasonable, and the calibration of micro-parameters is appropriate. 
SIMULATION ON PAVEMENT COLLAPSE
Calibrations of micro parameters for the pavement collapse model were conducted based on the mechanical parameters of prototype materials exhibited in the Table 1. The calibration process was referred to the relevant content about similar materials in section 2. A series of numerical biaxial tests were carried out to acquire the micro parameters which are shown in the The standard axle load which is 100kN in the Chinese Code was adopted. Two-wheel groups on a single axle are used to represent the standard axle load with the symbol BZZ-100. Four wheels are divided into two groups, each group has two wheels on both sides of the axle. The contact region between a wheel and the ground surface is considered to be circle, and the value of the circular equivalent diameter is 21.3 cm. The static stress of the standard axle load equals to 700 kPa. Calculation parameters of BZZ-100 are summarized in the The application of the standard axle load was achieved according to the vehicle model which was composed by larger density particles. The radius of loading particles was equal to 2.5 cm. Taking the convenience into consideration, the equivalent diameter of pressure surface was chosen as 20 cm approximately. The sketch of the vehicle model is shown in the Fig. 4 with 2.5 m in width and 4 m in height.
Recent years, hundreds of urban pavement collapse accidents have happened in Beijing. Based on the statistical data, the range of collapse zones is divided into four parts. The proportion of each part can be seen in the The chassis center facing the cavity center right for 0.5m
The left two-wheel center facing the cavity center
The critical collapse thickness of overlying soil was simulated under nine kinds of conditions involving three various cavities radius 0.55 m, 1.0 m, 1.5 m and three different loading positions. Relative loading positions between the vehicle and the cavity were divided into three kinds. The vehicle chassis center facing the center of cavity was the first condition. The second condition involved that the chassis center facing the cavity center right for 0.45m and 0.5m. The last condition was that the left two-wheel center faces the cavity center. The specific scheme of numerical models can be seen in the Table 6 .
RESULTS AND DISCUSSION

The Critical Thickness of Overlying Soil for Cavities
Values of the critical collapse thickness of overlying soil h cr were determined by a series of numerical simulations. Taking the third condition as an example, the numerical model is shown in the Figure. Following the processes determining the value of h cr in the third condition, other eight conditions are calculated, shown in the The critical collapse thickness of overlying soil is enlarged by increasing the cavity radius as shown in the Figure 7a . Values of h cr remain constant when the cavity radius is 1.0 m under three relative loading positions. The possibility of the subterranean cavity collapse is related to the critical thickness of overlying soil. As shown in the Figure 7b , the second relative position is more dangerous than the other two kinds with the cavity radius 0.55 m and h cr 1.4 m. When the cavity radius is 1.5 m, the most dangerous position is the first one, and the critical thickness of overlying soil is 6.8 m.
The failure pattern of cavity collapse is changing along with different radius. Based on the applicable condition of PU's equilibrium arch theory h ≥ 2h max , whether a compressive arch is formed or not during the failure progress is identified. The height of the pressure arch h max is equal to 0.828D/2f K . The mathematical expression of the arch span D can be obtained from the Figure 8 as
(1) where h is the thickness of covering soil; d is the cavity diameter, 0.828 is the empirical coefficient of compressive arch theory; f K is the rock consolidating coefficient; and φ K is the internal friction angle converted according to f K ; In this paper f K is taken as 1.0; φ K is corresponding to f K, chosen as 45º. According to the computational results in the Table 7 and equilibrium arch theory, pressure arch is not emerged in the failure process with cavity radii 0.55 m and 1.0 m. Then, the cavities are considered as shallow buried caves. Similarly, a compressive arch is generated with cavity radius 1.5 m, and the cavities can be seen deeply buried caves.
Failure Progress of the Shallow Buried Cavity
Taking the fourth condition as a shallow buried example to analyze the collapse regularity. The failure progress with six typical time-stepping stages are recorded in the Fig. 9 . (a) Damage begins to appear along with the cracks of the arch springing, due to the shearing force which is caused by the stress concentration. The failure zone extends to the roof gradually, then an arc-shaped crack is initiated when arch springing and sidewalls fracture under the constant load; (b) Roof deformations develop along the cracks induced by the shear stress and tensile force. Bonds of particles in damage zone are broken, and after breakage of the bonds, the kinetic energy is released and delivered to the adjacent bonds. Since the intensity of force at the contact bonds is enough to break the contacts, cracks expand in an accelerated mode; (c) The cavity fills with discrete particles which move down influenced by the gravity; (d) Arch-shaped cracks are developed into vertical fractures because of the shear and tensile force; (e) The roof damage is observed to extend to the specimen surface with the development of vertical cracks. At the same time, the vehicle on the surface becomes to be decline; (f) A few calculation steps later, the loading vehicle inclines severely, and the collapse pattern tends to be stable. 
